Direct linear transformation (DLT) method was applied to the three dimensional anthropometry using slide film image, and the limitation of estimation accuracy was examined by comparing values obtained through the computation based on DLT procedures and manual measurement. The standard errors of estimated three dimensional coordinates were around 4 mm in 1,000 mm * 1,000 mm * 2,000 mm of calibration area. Also, the acceptable estimation errors of anthropometric dimensions were obtained through the present photogrammetry. The three dimensional slide film analysis with DLT method thus may be an useful photogrammetry for estimating anthropometric dimensions as well as spatial relations among anthropometric landmarks.
Introduction
Three dimensional anthropometry such as measuring spatial locations of anthropometric points is becoming important in the fields of biological anthropology and ergonomics. Although the manual measurement method based on MARTIN'S technique is quite popular for the acquisition of anthropometric dimensions of human body, three dimensional information can not be obtained using the manual anthropometry. Also, for measuring accurate and reliable dimensions, the manual method requires both proficient skills of measurer and certain fixed postures of subjects during the measurement.
Photogrammetry
has a potential to break through the above mentioned limitations on manual measurements and to collect accurate three dimensional anthropometric information. In the previous standard three dimensional photogrammetries, however, the camera distances from certain reference planes as well as the angle between optical axes for cameras needed to be measured for obtaining accurate three dimensional coordinates, and hence the accuracy of the previous photogrammetry was limited by the measurement accuracy of both the location and direction of each camera (NAKAO et al., 1968; MILLER and NELSON, 1973; MARTIN and PONGRATZ, 1974) .
In the area of sport biomechanics, direct linear t ransformation (DLT) method is usually applied to the motion analysis of human movement for c omputing three dimensional coordinates. Using the DLT method, spatial coordinates of certain landmarks are estimated based on the two dimens ional digitized coordinates of landmarks on the images obtained through two or more cameras. This method is not restricted by the measurement accuracy of camera locations or the optical axis directions. Also, the image distortion due to lens alignment of cameras can be corrected by modified DLT method (YOKOI et al., 1991) . These methods may be appropriate for three dimensional anthropometry through photogrammetry. HATTORI (1991) applied video image analysis using three dimensional DLT method to detecting the coordinates of several anthropometric landmarks in a standing posture. The accuracy of DLT calibration in his research, however, was confirmed only for the coordinates of control points, which were used in the computation of calibration coefficients. For the suitable and exact evaluation of calibration accuracy, the coordinates of control points need to be eliminated from those used in the evaluation. Also, the resolution of video camera used in his experiment might have some effects on the inaccuracy of estimated coordinates.
In the present study, we examined the limitation of accuracy in DLT method for three dimensional anthropometry using slide film image.
Method
The theoretical basis of the DLT method has been described in previously published researches (SHAPIRO, 1978; WALTON, 1979; IKEGAMI et a 1., 1991) . Three 35 mm still cameras were set for taking pictures of subjects standing in the calibration area (Fig. 1) . The three cameras, A, B and C, were equipped with 135 mm, 200 mm and 110 mm lens, respectively. Color slide films (Ektachrome ISO200, Kodak) were used for taking pictures in this experiment. In the filming for calibration, the calibration standard system (Fig. 2 ) which includes five control points was placed at 13 locations indicated in Fig. 3 and was simultaneously filmed at each location through the three cameras. The 45 control points of the calibration system located at 1 to 9 in Fig. 3 were used for the computation of calibration coefficients. These points were referred to as calibration control points (CCPs) in the following sections, while the other 20 control points of calibration system located at 10 to 13 in Fig. 3 were referred to as reference control points (RCPs). The RCPs were used to make exact confirmation of the estimated accuracy of three dimensional coordinates. Before filming, Fig. 3 . The calibration area, coordinates system, and locations at which the calibration standard system were placed. The control points of the calibration standard system placed at locations 1 to 9 (CCPs) were used for the calculation of calibration coefficients, while those placed at locations 10 to 13 (RCPs) were adopted to confirm the estimated accuracy. fifteen markers were put on the selected anthropometric landmarks of each subject. Subjects taking a standing posture in the calibration area were photographed through the cameras. Fig. 4 shows the slide film analysis system used in this investigation. Slide film images taken at the experiments were projected onto digitizer (OSCON SQ-3100F, Photolon) to get two dimensional coordinates of the location for CCPs, RCPs and body landmarks. The digitzer has 310 mm *310 mm digitizing area with 0.1 mm of resolution. The size of 2,000 mm scale filmed at the experiment was about 250 mm in the image projected onto the digitizer.
Both digitized coordinates of 45 CCPs and the measured spatial coordinates were used to compute DLT calibration coefficients peculiar to each camera. The spatial coordinates for 20 RCPs of calibration standards, which were not used in the computation of calibration coefficients, were computed using the DLT coefficients. Also, the three dimensional coordinates of body landmarks of subjects were estimated through the same DLT procedure, and the anthropometric variables for each subject were computed using the estimated spatial coordinates. In the computation process, standard DLT method (SHAPIRO, 1978; WALTON, 1979) as well as modified DLT method (YOKOI et al., 1991) were used to identify the effects of lens distortion on estimation accuracy of three dimensional coordinates. The modified DLT method is appropriate for eliminating the effects of lens distortion on the digitized coordinates while the elimination is not considered in the standard DLT method.
The measured and estimated coordinates were compared for CCPs and for RCPs in order to detect the calibration accuracy in the present study. Anthropometric dimensions of the subjects used in the above filming were also measured by using manual method to evaluate the estimation accuracy of each anthropometric dimension obtained through the present slide film analysis. The focused anthropometric dimensions in this study were those expressed as the distance between two anthropometric landmarks and as the height from the floor.
Results and Discussion 1. The limitation in the estimation of three dimensional coordinates Estimation errors of three dimensional coordinates for CCPs were shown in Table 1 and those for RCPs were shown in Table 2 . The AKAIKE's information criterion, referred to as AIC (AKAIKE,1976) , computed for each estimation error was also indicated in Tables 1 and 2 . In the evaluation of models based on AIC, the model with smaller AIC value is more appropriate than those with larger AIC values.
The errors for both CCPs and RCPs had no significance at p<0.05 in the estimation using standard and modified DLT method. The AICs of estimation errors for CCPs and RCPs using Tables 1 and 2 present study. In the following results and discussions, we thus focused on the information obtained through standard DLT method. Assuming the minimum distance which analysts can identify in digitizing process is 0.5 mm, the values of digitized coordinates measured by analysts include, as a result, around 0.5 mm of errors. Considering the fact that the size of filmed 2,000 mm scale was about 250 mm in the were not used in the computation of calibration coefficients. Actually, the standard deviations of estimation errors for the components of both CCP and RCP coordinates were less than 4 mm and the maximum errors were less than 9 mm while the mean errors were around 0 mm (Tables  1(a) and 2(a); Fig. 4 ). These kinds of errors, however, can be reduced to a certain extent if the projected image is magnified more.
2. Factors affecting the errors in computing anthropometric dimensions through slide film analysis Table 3 shows examples of the discrepancy between estimated and measured anthropometric dimensions. The variables of (a) to (d) were expressed as the height from floor while those for (e) and (f) were the distance between two anthropometric landmarks.
If the anthropometric dimensions include only the errors caused by the limitations of analysts and digitizing system, then the mean differences between estimated and measured anthropometric dimensions should be around 0 mm with the standard deviations around 4 mm for items (a), (b), (c) and (d), and those around 8 mm for items (e) and (f). The standard deviations of the latter two items should be twice those of the former four items because the items (e) and (f) are computed as the distance between two landmark locations. The anthropometric variables almost The existence of the error concerning the difference in subjects' posture can be predicted from the results that the acromial height (c) and radiale height (d) were significantly higher than those obtained through manual measurement while the upper arm length (e), which is the difference between acromial and radiale heights, showed no significance. The second factor, inaccuracy of body landmark locations, can be inferred from the fact that the standard deviation of estimation errors for substernal height (b) were much larger than 4 mm although the mean value was nearly 0 mm. In reality, however, fairly large errors may occur due to the sway of subjects and the inconsistency of measuring skills. They would be inevitably mixed into the anthropometric values measured through manual anthropometry.
Conclusion
The errors caused by the limitation of digitizing system and skills of analysts had few effects on the discrepancy of anthropometric dimensions obtained in different methods, i.e. manual measurement and slide film analysis using standard DLT method. The discrepancy may rather be induced by the incorrect body landmark locations and the difference in subjects' postures taken at manual measurement and filming. If the markers were accurately placed at correct landmark locations and subjects take consistent postures in the filming procedure, the three dimensional slide film analysis with DLT method may be a useful photogrammetry for estimating anthropometric dimensions and spatial relations among anthropometric landmarks.
